Abstract-Majority carrier barriers at heterointerfaces are a common source of non-linear resistance that hinders concentrator solar cell performance. The source of a particular barrier is often unclear in a multijunction device with numerous heterointerfaces. We demonstrate Zn-dopant diffusion during inverted metamorphic multijunction (IMM) device growth to be one key cause of internal barrier formation. Using an inverted GaAs/GaAs tandem solar cell with a high temperature annealing layer grown in between each subcell, we simulate the annealing conditions of a multijunction growth in a simplified structure. Through analysis of the device by secondary ion mass spectrometry (SIMS) and electrochemical capacitance-voltage profiling, we show that annealing causes Zn to diffuse out of the top cell Ga 0 .5 In 0 .5 P back surface field (BSF) and accumulate in the GaAs base. Through equilibrium band modeling, we show that the resultant doping profile forms an energetic barrier to hole flow in the valence band, which correlates with fill factor losses in the current-voltage curves measured under concentration. When we, instead, employ a C-doped Al 0 .2 Ga 0 .8 As BSF layer in the top cell, we do not observe evidence of a heterojunction barrier. We attribute this difference to the reduced diffusivity of carbon, confirmed by SIMS, as well as more favorable valence band offsets between GaAs and Al 0 .2 Ga 0 .8 As. Finally, we compare 5-junction IMM cells with Al 0 .2 Ga 0 .8 As:C and Ga 0 .5 In 0 .5 P:Zn BSF layers in the GaAs third junction, respectively, and show a significantly improved device performance under concentration when Al 0 .2 Ga 0 .8 As:C is employed. We demonstrate the importance of designing annealing tolerance into multijunction structures that are subjected to extended annealing during growth.
I. INTRODUCTION
T HE inverted metamorphic multijunction (IMM) solar cell delivers nearly unmatched efficiency compared with any other photovoltaic conversion technology [1] , [2] . IMM devices combine multiple active junctions with varied bandgaps in a vertically stacked series-connected device. The IMM design minimizes thermalization losses by ensuring that high energy photons are absorbed in the high bandgap junctions, while lower energy photons are absorbed by lower bandgap junctions. IMM devices are particularly efficient under concentrated light because the open-circuit voltage V OC of each individual junction increases logarithmically with the concentration level. Efficiencies of greater than 50% are projected for 5-junction (5J) and 6-junction (6J) configurations and concentration levels >1000x [3] - [5] , and materials for each of the necessary subcells have been demonstrated with sufficient material quality to sustain 50% efficiency [5] . Even with sufficient material quality, however, significant challenges arise during subcell integration that limit the overall power output [5] , [6] .
As the IMM cell design becomes more complex through the addition of more junctions, their growth becomes more challenging. IMM solar cells are typically grown by metalorganic vapor phase epitaxy (MOVPE), which is a growth technique that offers a vast palette of materials with wide-ranging bandgap energies. MOVPE multijunction device growth requires multiple hours and is typically conducted at temperatures from 600 to 750°C. Elevated growth times and temperatures subject junctions grown early in the device stack to extended thermal annealing, which can adversely affect those regions of the device. One potential 6J design is depicted in Fig. 1 . The absorber layers must be 2156-3381 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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1-4 µm thick, requiring significant growth time, so as to absorb all available above-bandgap photons. The top three junctions have the same lattice constant as the GaAs substrate, enabling high-quality lattice-matched growth. Lattice-matched III-V materials with bandgaps below 1.4, which are required in an optimal device design, have challenging non-radiative losses that limit device performance [7] . Thus, the proposed design employs transparent Al x Ga y In 1−x −y As compositionally graded buffer layers (CGBs), which are not active layers in the device but enable the growth of high-quality mismatched GaInAs junctions with the desired bandgaps. The CGBs are multiple micrometers thick and are grown at relatively high temperatures to minimize threading dislocation densities [8] , further contributing to the annealing load. The 6J IMM device shown in Fig. 1 , with six junctions and three CGBs, requires up to 30 µm of thickness, with a growth time of 6 or more hours at typical growth rates of ∼5 µm/h. Extended annealing during IMM growth degrades device performance when out-diffusion of dopants from highly doped regions of the device occurs. Zn is a common p-type dopant in III-V materials but is highly mobile because of a tendency to incorporate as a fast-diffusing interstitial. An equilibrium between substitutional and interstitial Zn leads to concentrationdependent Zn diffusion behavior [9] - [13] , which means that the tendency for dopants to diffuse increases in highly doped regions of the device, such as back surface field (BSF) layers. Dopant diffusion out of highly doped phosphide BSF layers, such as Ga 0.5 In 0.5 P (hereafter, GaInP), into lightly doped arsenide absorber layers nearby is particularly problematic because of the tendency for Zn to accumulate in the arsenide layer near the interface, at concentrations higher than those in the GaInP layer [12] - [16] . The resultant doping profile disrupts band alignments at these heterointerfaces and can lead to the formation of internal resistive barriers to majority carrier flow that deteriorate solar cell performance [17] . Internal resistive barriers are particularly problematic when compared with more simple sources of resistance, such as metal contacts, because their origin is difficult to identify within a 6J IMM structure with ∼130 layers.
In this paper, we demonstrate that the out-diffusion of Zn from highly doped phosphide layers is a dominant degradation mechanism in multijunction devices. We analyze a GaAs/GaAs tandem test structure with an annealing layer in between the junctions and demonstrate that Zn diffusion out of the top cell GaInP BSF leads to a resistive barrier that limits the fill factor (FF) of the tandem's current-voltage characteristic. We show, through equilibrium band modeling, that the diffused Zn profile creates a barrier to hole transport in the valence band at the interface of the BSF and the GaAs base. We, then, demonstrate how the use of a C-doped Al 0.2 Ga 0.8 As BSF prevents heterojunction barrier problems in the tandem. Finally, we present a 5J device with improved annealing tolerance by replacing the GaInP BSF in the third GaAs junction with a Al 0.2 Ga 0.8 As:C BSF.
II. EXPERIMENTAL
All materials were grown by atmospheric-pressure MOVPE using trimethylgallium, triethylgallium, trimethylindium, trimethylaluminum, arsine, and phosphine as precursors. Sub- Fig. 2 . GaAs/GaAs tandem solar cell structure analyzed in this study. A thick Al 0 . 4 Ga 0 . 6 As high-temperature annealing layer separates the two junctions. Two tandems were grown: One using GaInP:Zn for both BSF layers and the other using Al 0 . 2 Ga 0 . 8 As:C BSF in the top GaAs cell and GaInP:Zn for the bottom cell BSF.
strates were Si-doped (100) GaAs miscut 6°towards (111)A. We analyzed a GaAs/GaAs tandem cell test structure with a transparent high deposition-temperature (T D ) Al 0.4 Ga 0.6 As layer grown in-between the two cells. This design yields a device that contains two cells with identical structures, but one experiences extended annealing, while the other experiences negligible annealing. Fig. 2 shows the device structure after inverted processing such that the growth direction is from top to bottom. First, a 1.7-eV Al 0.23 Ga 0.77 As filter layer was grown to replicate the optical environment of a GaAs cell within the 6J device of Fig. 1 . The individual GaAs solar cells were grown under identical conditions (T D = 650°C, V/III = 27, growth rate = 5 µm/h) with identical doping flows. The top cell base thickness was 0.45 µm and the bottom cell base was 2.0 µm, while both emitters were 0.1-µm thick. We chose these thicknesses to current-match the top and bottom subcells. We targeted p-type doping of p = 5 × 10 18 and 2 × 10 17 cm −3 in the GaInP BSF and GaAs base layers, respectively, by doping with dimethylzinc. The emitter and window layers were doped with dilute H 2 Se to a concentration of n = 1 × 10 18 cm −3 . An Al 0.6 Ga 0.4 As:C/GaAs:Se/Al 0.6 Ga 0.4 As:Se tunnel junction [5] was grown after the BSF of the top GaAs junction, followed by a transparent, 2.8-µm thick Al 0.4 Ga 0.6 As layer grown for 30 min at 725°C. This layer anneals the top GaAs cell structure and is transparent to light that passes through that thin cell. A second GaAs/GaAs tandem that is nearly identical to the first was also grown. In this device, the GaInP:Zn BSF of the top cell was replaced with Al 0.2 Ga 0.8 As:C doped with CCl 4 to a concentration of p = 4 × 10 18 cm −3 . The BSF for the bottom cell remained GaInP:Zn as in the first structure. Finally, to demonstrate the effect of the BSF choice on the annealing tolerance of higher order multijunction structures, two 5J devices were grown. The 5J cells have the same design as shown in Fig. 1 but omit the third graded buffer and the 0.69 eV sixth junction.
The CGBs were grown at 725°C and each required ∼30 min of growth time. The BSF of the third GaAs junction was GaInP:Zn in one of the 5J devices and Al 0.2 Ga 0.8 As:C in the other. All other layers were identical; see [5] for full design details.
An inverted processing scheme and standard lithography techniques were used to fabricate 0.1-cm 2 devices [18] . A large area Au contact was plated on the back of the device, while highdensity Ni/Au grids were plated on the front surface. None of the devices for which current density-voltage (J-V) curves are presented have anti-reflection coatings. The external quantum efficiency (EQE) was measured on a setup using monochromatic light and a calibrated broadband reference diode. We used illumination from 740-and 940-nm LEDs to current-limit the bottom and top cells, respectively, in order to measure the EQE of the individual subcells. The 940-nm LED has a broad emission peak, which means that some of the emission is slightly above the GaAs bandgap (880 nm), which makes it ideal to add light that mostly passes through the thin top cell but is absorbed in the thick bottom cell. The specular reflectance from the device surface was measured with a separate calibrated reference diode and used to calculate the internal quantum efficiency (IQE). The EQE for each device was used along with the measured output from a calibrated GaAs reference cell to set an Xe-lamp solar simulator to a one-sun AM1.5-Direct condition with proper spectral correction. Light J-V curves were measured under this spectrum using a four-probe configuration and a current source and voltage meter. The J-V was measured under concentrated light using a high-intensity pulsed solar simulator with an Xe-lamp and a parabolic mirror. The spectrum was not corrected for the concentration measurements. The concentration intensity was controlled by varying the size of an aperture in front of the lamp. The concentration level was calculated by dividing the short-circuit current J SC obtained for each aperture setting by the one-sun J SC . Owing to constraints from the data acquisition hardware, a limited number of datapoints were acquired near V OC , requiring fitting to obtain this parameter. A linear fit was employed, which could be a source of error in V OC , especially in cases where the J-V behavior was non-linear near V OC .
We measured the Zn and C concentrations [Zn] and [C], respectively, in the tandems by secondary ion mass spectrometry (SIMS).
[Zn] and [C] were quantified using implant standards of Zn in GaAs and GaInP and C in GaAs, GaInP, and AlGaAs, respectively, to generate relative sensitivity factors for Zn and C in each matrix. The relative sensitivity factors were applied to convert the raw signal to a concentration in the appropriate layers. An AlGaAs:Zn standard was unavailable; therefore, the relative sensitivity factor for Zn in GaAs was used to quantify Zn with respect to Ga in the AlGaAs layers. We estimate that this procedure provides a value within 5x of the actual concentration. Electrochemical capacitance-voltage (ECV) profiling was used to measure the electrically active doping density, or N A -N D , of specific layers. Owing to difficulties in electrochemically etching GaInP as well as etching across heterointerfaces, both of which caused significant sample roughening, we measured the capacitance-voltage at the surface of key layers instead of performing a single electrochemical etch profile. Selective wet chemical etchants were used to expose specific layers in the stack, enabling layer-by-layer near-surface ECV measurement. We did observe reliable electrochemical etching of GaAs, enabling the creation of doing depth profiles in GaAs layers.
III. RESULTS Fig. 3 shows the IQE and J-V characteristic for the two GaAs/GaAs tandem structures. The IQEs are nearly identical, and the tandems exhibit nearly the same J SC under light. The J SC is well within expected errors in the calibration of the instrument and/or run to run variation in layer thickness. The V OC of the tandem with two GaInP BSFs is 1.89 V, while the cell with the Al 0.2 Ga 0.8 As:C BSF in the top cell has a slightly lower V OC of 1.85 V. This loss is outside the expected error in the V OC , which is much less susceptible to the variables that affect J SC , and is attributed to the change in the BSF material. One plausible explanation for the V OC loss is the increased recombination related to oxygen incorporation associated with the growth of Al-containing compounds [19] . Despite the voltage loss with Al 0.2 Ga 0.8 As:C BSF, the one-sun J-V characteristics are nearly independent of the BSF choice.
The relative tandem performance changes drastically under concentrated light. Fig. 4 shows the J-V curves for three different concentration levels and the V OC and FF as a function of concentration for each tandem. The performance of the tandems is similar for up to ∼40 suns but diverges at higher concentration levels. The FF of the tandem with two GaInP BSFs drops sharply above this level, which correlates with the appearance of an inflection in the J-V curve near V OC that indicates the presence of an internal non-linear resistive barrier. The FF of the tandem with the Al 0.2 Ga 0.8 As:C BSF is relatively stable for up to 400 suns and, then, begins to slowly decrease as a simple series resistance affects the J-V. Importantly, we observe no inflection in the J-V curves at any concentration, which implies the absence of non-linear resistive barriers in this sample as discussed in Section IV. Finally, we note that the V OC of the Al 0.2 Ga 0.8 As BSF tandem reaches and, then, increases beyond that of the GaInP BSF tandem near 40x. There is some error in the determination of the V OC of the tandem with GaInP BSF at higher concentrations because the presence of the non-linear resistance complicates the V OC fit; see Section II. However, the values up to ∼200 suns are unaffected. If our speculation about decreased V OC because of oxygen incorporation in the Al 0.2 Ga 0.8 As is correct, then it seems that these defects no longer limit the cell performance at even moderate concentration levels. Analogously, the external radiative efficiency of 1.7-eV Al 0.23 Ga 0.77 As solar cells was shown to increase more strongly with concentration compared with cells that did not contain Al [5] . This result highlights the subtle point that one-sun results can be misleading when designing optimal cell structures for concentrator devices.
SIMS data of the dual GaInP:Zn BSF tandem reveal that dopant diffusion has occurred in that device. profile. These data confirm that Zn diffused because of thermal annealing during growth, drastically altering the doping profiles near heterointerfaces in the device.
IV. DISCUSSION
The J-V performance of the dual GaInP:Zn BSF tandem under concentration exhibits the characteristics of an internal heterojunction barrier (hereafter, "heterobarrier") to majority carrier flow, as described by multiple groups in the literature [17] , [20] - [22] . The inflection in the curvature near V OC is a signature of its presence because the heterobarrier essentially behaves as a diode with opposite polarity in series with the solar cell pn diode [22] . Olson et al. [17] demonstrated that insufficient GaInP BSF doping in a single junction n-on-p GaAs cell creates a barrier in the valence band that manifests as resistance in the J-V, reducing the FF and efficiency, especially under concentration. The out-diffusion of Zn from the GaInP BSF in our tandem top cell has created a similar situation, but the barrier is even more pronounced because of the accumulation of Zn in the GaAs base layer.
[Zn] in the BSF is also affected by the presence of the nearby tunnel junction. Other groups have demonstrated that the presence of high n-type doping near Zn-doped layers can activate Zn diffusion in those layers, which is inferred to be caused by the out-diffusion of Ga interstitials from the n + -layer into the p-layer [23] , [24] . We hypothesize that a high Se doping in the tunnel junction has aided further out-diffusion of Zn from the GaInP layer towards the tunnel junction. However, the presence of Zn does not appear to deteriorate the tunnel junction because we observe no evidence of tunnel junction failure in the J-V curves of either device, even at high concentrations. Instead, we attribute the observed J-V behavior to the diffusion of Zn into the base layer. Fig. 6 depicts the results of equilibrium band energy calculations [25] for a hypothetical GaInP:Zn/GaAs:Zn heterointerface before and after annealing. These diagrams correspond with the SIMS plots of [Zn] near the top and bottom cell GaInP:Zn/GaAs:Zn interfaces depicted in Fig. 5 . In the pre- anneal case, we assume an abrupt doping profile at the heterointerface, with p = 5 × 10 18 cm −3 in the GaInP BSF and p = 2 × 10 17 cm −3 in the GaAs base. This represents the intended doping profile and band structure in the device. In the post-anneal case, we assume that Zn diffuses into 0.1 µm of the base with a constant value of p = 5 × 10 18 cm −3 there, while the BSF concentration drops to p = 2 × 10 17 cm −3 . We assume a valence band offset of 0.3 V [20] , [26] and a bandgap of 1.9 eV for the GaInP layer. In the pre-anneal case (see Fig. 6, top) , the large valence band offset could potentially create a barrier to hole transport, but since the doping in the BSF is high enough, carriers can tunnel through the barrier because of overlap between states in the valence band on both sides of the interface. After annealing (see Fig. 6, bottom) , however, out-diffusion of the BSF Zn into the base shifts the valence band in the base to a higher energy relative that of the BSF valence band. This new band alignment cuts off tunneling and forces the majority carriers to pass over the barrier thermally, a process known as Schottky emission [22] . Hoheisel and Bett presented evidence for this type of transport in temperature-dependent measurements of a GaAs solar cell with a GaInP BSF [22] . In their lowtemperature measurements, carriers could not pass over the heterobarrier at the base/BSF interface, and an inflection similar to that observed here developed in the J-V curves of their devices. They demonstrated that the effect of the heterobarrier on J-V performance was more pronounced at high concentrations and that it was also a function of the base doping level, as we find here. Thus, we argue that the poor performance of the dual GaInP BSF tandem is because of the formation of a pronounced heterobarrier at the base/BSF interface owing to annealing-induced Zn diffusion at that heterointerface.
One potential solution to prevent heterobarrier formation is to create a structure more tolerant to annealing by the substitution of Zn in the GaInP layer with a different p-type dopant. Carbon is an alternative p-type dopant in III-V materials that offers the benefit of significantly reduced diffusivity [27] . However, hole concentrations above p = 1 × 10 17 cm −3 are difficult to achieve in GaInP with traditional carbon sources, such as CCl 4 [28] , making GaInP:C challenging to implement. The achievement of a high hole concentration in carbon-doped Al x Ga 1−x As is considerably more facile [29] . Indeed, the absence of an inflection in the J−V curves taken under concentration for the tandem that contains the Al 0.2 Ga 0.8 As:C BSF (see Fig. 2 ) confirms that Al x Ga 1−x As:C is a promising choice for multijunction designs. There are two reasons for the improved annealing resistance of Al x Ga 1−x As:C. First, the low diffusivity of C means that most of the C remains in the BSF layer where it was intended. We performed SIMS on the tandem grown with the Al 0.2 Ga 0.8 As:C top cell BSF, shown in Fig. 7 , to confirm this fact.
[C] drops abruptly along with the Al signal at the interface between the Al 0.2 Ga 0.8 As BSF and the GaAs base, which indicates that little C has diffused into the base despite the extended anneal that the top cell experienced. Second, the valence band offset between GaAs and Al 0.2 Ga 0.8 As is significantly lower (0.09 eV) [20] so that in the event there is an out-diffusion of C, the disruption to the band structure is mitigated.
These results demonstrate the importance of choosing annealing-tolerant materials and dopants when designing multijunction solar cells. Even though the GaInP:Zn BSF enabled a higher V OC at one-sun, the Al 0.2 Ga 0.8 As:C BSF is a better choice for multijunction concentrator device designs. We highlight this point in a comparison of two 5J IMM cells with different BSFs in their GaAs third junctions. In one case, we employed a GaInP:Zn BSF in the GaAs junction and Al 0.2 Ga 0.8 As:C in the other. All other layers were identical. Fig. 8 shows the J-V results for the two 5J solar cells at one-sun (top) and under concentration (bottom), respectively. Each cell has a similar collection efficiency, as evidenced by the similar values of J SC obtained at one sun, but a heterobarrier dominates the one-sun J-V characteristic when the GaInP:Zn BSF is used. The resistance from the heterobarrier continues to increase under concentration, just as in the GaAs/GaAs tandem test structure. The 5J that employs an Al 0.2 Ga 0.8 As:C BSF exhibits no evidence of a majority carrier heterobarrier, which validates it as a solution for the growth of 5J and 6J IMM cells. (There was a tunnel junction failure at the highest concentration in this device, but it is unclear which of the four tunnel junctions was responsible.) This device, after the application of an MgF 2 /ZnS/MgF 2 /ZnS anti-reflective coating [30] , achieved a National Renewable Energy Laboratory certified efficiency of 36.11% ± 1.5% under the one-sun AM1.5D spectrum.
V. CONCLUSION
We have demonstrated that highly doped GaInP:Zn layers are susceptible to problems related to thermal annealing during long MOVPE growths of multijunction devices. The out-diffusion of Zn from these layers disrupts the band structure of these devices and forms barriers to majority carrier flow at heterojunction interfaces. By careful design of multijunction devices to contain layers with less mobile dopants, such as C, and more favorable band offsets, such as GaAs/Al 0.2 Ga 0.8 As, we have shown that annealing-tolerant multijunction devices with excellent performance are possible.
